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OF GAS-TURBINE BIADE FAILURES

By Charles A. Hoffman and (3.Mervin Ault

An investigationwas conduoted to detemine the applicability
of statisticalmethods as an approaoh to the evaluation of materials
for use in gas turbines by determining the frequency distribution
of tfme until failure of gas-turbine blades. Gas-turbine blades
of a cast oobalt-base heat-resistant alloy were run In gas-turbine

wheele of approximately 12~lnoh total diameter. The wheels were

operated at aooelemted-life conditions: a rotor speed of
22,500 rpm and an indicated turbine-inlet-gas temperature of 1850° F.

Two wheels, each ihoorp-ting 142 lnsetied blades of this
alloy were tested. In one wheel the entire complement of blades
failed. In the other wheel 64 of the blades were failed. The
complete frquenoy distribution of time until blade failure is
presented for the first wheel and cumulative frequenoy ourves are
presented for both wheels. The blades in @e first wheel had
an average life of 25.52 hours with a standard detition of
11.49 hours.

The need for representative perfomanoe-life fi~s as sup-
plied by statisticalmethods of analysis for use in comparative
evaluation and for correlation of perfomanoe data with laboratory
properties, especially during research and development, is indicated.
Use of time for initial failure to evaluate material perfomnanoe
will probably meld results that differ fl’omthose obtained by the -
usa of a re~esentative avemge value.

-IXJCJ!IOX9

Gas-turbine oycle efficiency and power output are dependent
to a l.m?geextent upon the gas temperature used. The maximum
allowable temperature is limited by the capaoity of the materials,
p~ioularly that of highly stressed parts such as turbine blades
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2 MACA ~~0. 1603

to perfon satisfactorilyfor a sufficient period of tim to result
in a praotical over-all e~. Life expectancies of turbine parts
currently are short even at relatively low operating temperatures.
New wterials have been developed and older ones have been improved
in an attempt to increase life expectancy. As such mzterials
become available, a comparative indication of their potential per-
formance must be obtained. /

Routine labomtory tests are usually,appliedto newly avail-
able materials to rate them upon the basis of stress-rupture strength,
creep rate, fatigue life, and other properties. These laboratory-
d&termine@ ~operties are valuable in the selection and develop-
ment of materials in that they furnish a relatively fundamental
basis for comparison and study. The data are difficult to apply
directly for service use, however, because they fail to indicate
the effects of the complex conditions of stress, temperature, and
atmosphere that exist in service.

In order to approach service conditions, simulated service
tests, simplified to reduce the number of and improve the control
of operating variables, are extensimly employed for evaluation
of uterials before use in service applications. The value and
the applicability of these data for the ,manufacturersof turbines
and materials increase as the test conditions approach those of
the intended application.

The role @ayed by particular laboratory-determinedproperties
with respect to the service life as shown by service and simulated-
service operations is i~ortant in the selection and the develop-
ment of new -terials. The performance characteristics that limit
the life of a naterial for a particular service application must
be lnown; the material m.y then be improved in those properties,
or another mterial with better properties may be substituted.
The usual method of correlation of properties detemnined by lab-
oratory evaluation with performance in service is to examine care-
fully service-failed parts in order to classify the t~e of failure.
If the failure can be attributed to a particular mechanism such
as fatigue or stress rupture, a material my be chosen that is
suitable in this respect as indicated by laboratory investigation.

Statistical r&hods of correlation my be used in this analysis.
Dr. Bruce S. Old (fomerly of the Office of Coordinator of Resear&
and Development, Ravy Department), has attempted application of these
methods to turbine-blade failures by means of multiple correlation
with laboratory properties. Old gathered laboratory and servioe-type
data from a large xnmiberof sources comprising several gas turbines

——. — ..— ———-——— -.
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and their uterials. The results of this attempted correlationwere
promising but not entirely satisfactorybecause of many voids and
lack of repetition of important data. Further work in mathematical
correlation my lead to increased blade life by supplying informa-
tion as to which labomtory-detemined properties currently cm’-
relate with the performance of materials. .

Statistical methods may also be applied to the comparatiw
evaluation of materials in the l.aboratoq and in service by apply-

@ =@@ procedures =d by US@J s~ methods for the
determination of average performance characteristicsand for the
indication of reliability of results.

.
Comparatim evaluations are

not generally based upon statistical sampling procedures at present.
General methods of applicable sample analysis and correlation
analysis are presented in, among others, references 1 (pp. 146),
2 (pp. 82-348, 434-460), and 3 (pp. 74-128).

Investigationswere conducted at the NACA Cleveland laboratory
to determine the applicability of statisticalmethods as an approach
to the evaluation of materials when formed
ice shape and operated at accelerated-life
gation is reported herein.

into a particular
conditions. This

r3erv-
inveati-

APPARATUS

A unit consisting essentially of a gas turbine and a combus-
tion chamber was used for the quasi-service operation of turbine
blades. Figure 1 illustrates the setup.

The combustion air was taken froma central conibustion-air
supply and was led into the combustion-chambersupply line. The
air flowed first through an orifice that was used to measure air
flow, then through an air-flow-cczrkrolvalve and into the combus-
tion chamber, where fuel (62-octanegasoline) was spmyed into the
combustion air and burned. Fuel flow was measured by a rotameter
and controlled by a needle valve. Witial ignition was obtained
with a spark plug.

The hot &ases flowed from the combustion chamber through an
inlet duct, where the static pressure and the temperature were
meas~d, into the turbine =se. The turbine-inlet-gastempem-
ture was measured with a shielded chromel-alumelthermocouple at

a point U; inches upstream of the turbine inlet.
.

The hot gases passed from the turbine inlet, through the noz-
zles, past the rotor b~esj and then into the exhaust line and into
an e-ust system maintained at a.pressure slightly below atmospheric.

–-————.- .—.—— ——. ——. ..
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Rotor speed end inrbbineinlet-gas temperature were registered an a
.

reoording tachometer and recording potentiometer, respetiively. The
control system was so designed as to require a 5-minute scavenging
of the system before the stat of mmbustim in the burner.

The turbine unit was mounted with the axis @ rotatim hori-
zontal withjn a water-oooled drum (figure l(b)). The waste-gate
outlet of the turbine was oapped. The turbine inlet was conneoted
to the combustion @ember by the inlet duet, which passed through
an opening in the side of the drum. A water-jaoketed plate was
fittbd to the front side of the drum and an exhaust line was bolted
to this plate. The space compris~ the frmt and baok halves of
the drum was separated by a steel divider. The baok half of the drum
was supplied with air to 0001 the instrumentationand the baok side
of the turbine.

The ~ver-all diameter of turbine disk and blades was approxi-

mately 12* inohes. The blades were fastened by a dovetail arrange-

ment and were scoured In the disk slots by peening the bucket-root
rolls. Each disk cdxdned 71 lcmg-neoked and 71 short-neoked
Wades spaoed alternately. Photographs of a long-neoked and a
short-neokedblade are shown h figure 2.

The turbine shd’t was not externally loaded.

PROOEDDRE

Wheel-and-shaft assemblies were assigued Mentification numbers
in the omier used: the first assembly to be operated was oalled
wheel 1; the second, wheel 2. All wheel-an?l-* assdlies were
obtained frcm the Amy Air Foroes, and, upm reoeipt, were inspmted
for external and internal flaws by a fluorescent-oil end a radio-
~p~o methml, respeotivel.y.

Wheel 1, ,uponreceipt, oontained blades of the following
nomhal composition @ was operatid with these blades:

c Iii Fe Cr Mo co

0.15-0.35 1.75-3.25 0.5-2.0 25.5-29.5 5.0-6.0 Remainder

, The or@nal blades can’%ainedin wheel 2 were replaced by
blades of the same nominal imposition as wheel 1 but from a dif-
ferent souroe. Before these blades were assembled to wheel 2,
they were also oheoked for titernal and external flaws by radio-
graphic and fluorescent-oilmethods, respeotiw~. .

.
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The shrouds of the blades of wheel 2 were d greater thlolmess
than those C& wheel 1. This differerme resulted in greater centri-
fugal stress f= the blades uf wheel 2. The blades were Installed
in the disks, and the wheel-and-shaft assemblies were set into tur-
bines in acoordanoe with applicable Amy Air R&o-e teohnioal orders.
Before the initial run of the wheel-and-shaft assemblies, the assem-
blies with their respeoti= rotating mmponents Installed were
dynamically bahmced.

Ming operation of the unit, the turbine was motored at a
rotor speed of approrlmately 6000 rpm until the time-delay relay
in the omtrol oircult pemitted the initiatim of oaubustlon in
the oombustim-chambw. This period of opezation was desi~ted
motor time. Combusticm was then started and a rotor speed of
22,500 rpm and a turbine-inlet-gastemperature of 1850° F were
attained in about 3 minutes. This period of attaining operating
conditions was designated power time.

The turbine was maintained at these conditions until a failure
000urred (conditiontime).. Such an ooourrenoe was imnedlately
apparent, for uoinoident with the failure the pitoh of the sound
emitted by the unit ohanged. Ccmibustion-S then terminated, and
the wheel speed rapidly fell to about 6000 rpm; the turbine was
motored at this speed until it reached room temperature. Jhring
uondition time, the speoified turbine speed was maintained within
*OO rpm and the speoified turbine-inlet-gastemperature, within
an tndloated AI-5°F’.

Upon b~e failure, the turbine waq removed frau the unit and
disassembled. The blades that had failed were removed from the
disks in the manner prescribed by applicable Amy Air Foroe teoh-
nioal orders. Replacement blades, new or used, were Inserted in
the manner previously mentioned. Failure-time data were taken only
on the original mmplement of blades and not on replacement blades.
Blade fregments thrown frcxuthe wheel oo”basimald.ynioked the
rema~ blades. E no ease were the Injuries considered of
sufficient importance to warrant removal of the nioked blades.

Wheels were rebalan- by remo~ material from the rim of the
di’skwhenever en appreciable amount of unbalanoe developed.

The appearance of wheel 1 e&’tera total of 2* hours af power

and cmndltion time

and _nts frcm

condition ttie are

is shown h fi~e 3(a). The blade-root portim

wheel 1 after a total of 2+ hours of power and

shown in figure 3(b). These photo~phe are

——. ._ ___ _ ————.
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re~sentative of the fatlures experienced with the exoeption of
one blade that exhibited 100al neoking. The damaged oditi~ of
the fi~ents thrown fhom the wheel is ths result of the impaot of

‘ the ~ts upon the water-oooled drum.

At each overhaul, the oondltion of eaoh blade was logged.
Ooourrenoe of failure, presenoe and extent of orauking, and pressnce
and extent of stretching were reoomied for eaoh blade. k addition,
motor time, power time, condition time, and total power and om-
dition time were reoorded for eaoh run of eaoh ‘wheel. ~ additim,
photographs of the front and the baok of the turbine wheels ware
taken at eaoh overhaul.

At the inoeption of the program, severely orauked blades, ae
well as completely fraotured blades were considered as failures,
beoause presumably a severely oraoked blade would fail in a short
time after the oraak was notioed. As a result, fewer shutdowns
oaused by blade fraotures were expeoted, whioh would extend operat-
ing time and reduoe total overhaul the. This @aotioe was sub-
sequmtly disucmtinued,
omsldered failures.

MECHODS OF

however, and + fraotured bl&3es were -

EVAIIJATINGBLADE ~CE

Several methcds exist for the seleotlw of the group a? fail-
ures to be used for the oompmtive evaluation of materials that
have been operated under simulated service ucmditlons. The time
for the first failure is frequently taken as a represantition &
the perfozmanoe of a material. For example, If two materials were
to be compared far use as turbine blades, two wheels might be
assenibled,eaoh bladed wfth cme of the materials. The wheels
would be ope=ted at the same oonditims until blade failure
ocourred. The time for initial failms of the blades of each
material would be noted and used as a basis f= mmparlson. This
prooedure W“ be satisfaotq for selectim of mderlals for final
power-plant rating. For the evaluation of materials during rese=ch
and development, however, knowledge d the properties of the average
blade and of the potential perfomanoe of a material are neoes- “
sexy.

A more ocmpleti understanding of the behavior of the material
may be obtained if the wheels =e operated until all blades m
eaoh wheel have failed and the failures m oonsidcu’edas a WOUp.
Two or mme materials may then be ocunparedon a basis representative
of the lot, such as average life. The failures oan be considered
as a ftquenoy distiibuti~ by @ouplng the failures into equal

.
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time intervals and
The Ohoioe of time

plotting the results in the form of figure 4.
interval, usual= one of oonvenienoe, is found

7

by dividing the range of time of failure (clifference be%ween long-
est life and shortest life) by the num%er of groups desired. Fewer
grouys are used whm the number of failures studied is small.

Any one of several mmprative distributions is possible for
blades of a material B that is to be evaluated with respect to
those of naterial A of figure 4(a). The dotted curves of fig-
ures 4(b), 4(0), and 4(d) illustrate a few of these distributions
in order to indicate the yossible relations of initial failure
to average life in the analysis of turbine-blade failures. The
first example (fig. 4(b)) shuws a distribution of B that has the
same dispersion of failures or deviations from average as A. First
failures, re~sented by the portion of the mrve near the origin,
as in figure 4(b), would possibly be suitable for o-son of
the two, beoause average properties, near the peak of the curve,
show the _ absolute W?ferenoes as initial failures. Figure 4(c)
illustrates a distribution of B that has the same avcnage as A
but the dispersion is different. Here comparison of time of initial
failures would not be representative of ave~e life. Figure 4(d)
illustrates distributions that have different dispersions and dif-
ferent averages, both greater, t-A. For ourve ~ the difference

in initial failures understates the difference in averages; the
difference in averages is much greater than the difference in
early failures. Qualitatively, however, the initial failures
may be indicative of the relative average properties. For uurve

‘2$
an interpretation obtained from only a consideration of initial

failures is opposite that obtained from a consideration of averages.

In addition to thsse possibilities of misinte~tation of
data, nunerous other possibilities of error exist if the distributions
are unsymmetrical. Initial failures generally are indicative of
the rehtive average blade performance only when the distributions
have the same dispersion; yet only absolute differences in initial
failure times and average lives are the samO. Percentage differmoes
in initial failure times are greater than percentage do~erences
in average lives.

It is evident that the consideration of the complete distribution
of material perf’ornanceor of at least an average property and a
term for deviation aids in the comparative evaluation of xmterials
for researoh and development by supplying em estimation of quanti-
tative differences in average performance. A significant cor-
relation of initial failures in simulated service tests wtth
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laboratory-determinedproperties would not necessarily be expected,
as it would represent an attempt to correlate average propmties
as determined by laboratory tests to the properties of the worst
blades in simukted service tests. Again, to attempt correlation
using an average-life property and a term for deviation from service-
type tests would be preferable.

The use of the arithmetic mean for expression of central
tendency of the distribution is satisfactory. Its only important
disadvantage is that it is adversely affected by the occtn’renceof
extreme values, blades of unusually long or short life, and in
such cases the results obtained may not he truly representative.
Use of the mode also has advantages. By definition the mode is the
most frequent value, the mximum ordinate of a smooth distribution
curve. The mode is therefore the most tnical blade. For accurate
determination, an ideal frequency curve of hewn equation must be
fitted to the data and the ordinate corresponding to the maximum
must be chosen. 1% desired, the mode may be roughly approxhuated
by several other methods (reference 2, pp. 125, 487-488, and ref-
erence 3, pp. 23-25).

Standaxd deviation is commonly used as a measurement of dis-
persion. It is the root mean square of the deviation from the
arithmetic mean as defined by

.

where

0 stidard deviation

x individual deviations from arithmetic mean

n total number of items

As a measure of dispersion, one standard deviation of time on
both sides of the average life (arithmeticmean) includes approxi-
mately 68 percent of the failures; two standard deviations, approxi-
mately 95 yercent of the failures, and three standard deviations
practically all, or 99.7 p>rcent, of the failures (reference 3,
p. 38). This approximation holds true for symetri~l or slightly
skew distrilmtions. Knowledge of the standard deviation is neces-
sary to permit estimation of lot performance from a small sample.

.

As stated, the initial plan @ this investigation was to replace
both fractured blades and severely cracked blades because inspection

——— ———— ——. —–— .- .— .
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of the wheel during initial runs revealed that a
badly oraoked (figure 3(a)). The assumpticmwae

9

few blades were
therefore made

that these craoked blades would fail v&y SOOII d rgmo~l ‘&--

blades whioh had oracks longer than half the blade width would speed
the program by lengthening the interval between wheel removals. The
oriterion of failure of the material was therefme considered to be
fracture or severe cmaoklng. The number of failures reuorded during
a given time period was the total of all replaoed. Operation In this
manner was found to allow periods of operation as long as 5.4 hours
without shutdown for overhaul. At shutdown as many as nine
fractured blades and as many as 13 oraoked blades were replaced.
The use of these data h the plotting of distribution curves was
found to be difficult. The time Interval ohosan for plottlng the
frequenuy-distributioncurve was neces~ily large beoause the
length of time betwesn shutdowns was very large. The use of time
intervals less then the length of time between shutdowns occasionally
resulted in time intervals with a fYequenoy of zero. An Unsuccessful
attempt was made to adjust the data of the oraoked blades to approaoh
more closely their actual fracture times. The data of the cwnpletely
fractures blades were studied to detezndne the average time elapsed
between a severe craok and a oomplete fraoture, but these elapsed
tties had a very wide range and a reliable oomection factor oould
not be detemined. In addition, the exact time when a given amount
of oraokhg occurred was Impossible to detezmine.

Beoause of difficulties in handl@ the adjustment of ommked
blades removed, the procedure was so ohanged after 28.3 hours
and 103 failures for wheel 1 and 7.7 hours end 32 failures for
wheel 2 that cmly fractured blades were replaoed. The criterim
for failure was then fractured blades. With this methai, the time
of failure was certain. F&an the failures of the remaining blades,
an attempt was made to approximate failure life of the oraoked
blades that had been removed so that the time for failure could
be adJusted in the plotting of a frequency-distributioncurve.
The data were found to be insufflolent to allow adjustment; therefm,
the time of replacement of oraoked blades was considered the time for
failure and they were
blades.

then treated in the same manner as fraotured

RESULTS AND DISCUSSION

Wheel 1. - !Chefailures for wheels 1 and 2 are sunqwlzed in
table~II, respeotlvely. The blade failures experienced
appeued to be &f th~ stress~rupturetype, In uombinatlon with other
effects. The distribution of blade failures for wheel 1 are shown
In figure 5. The absoissa is the total of power and condition times

--—. -....—_ —— — —.
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beoause occasionally a blade failure ocourred dur@ the approach
to test mnditione.’ To consider only oondition time would suggest
that bhde failure had ocourred without the application of addi-
tional time at stress (zero time at test renditions). In plottlng
the results, the time interval of 5 hours be@nning at 1, 6, and
11 hours eto. was arbitrarily chosen. At the conditions used, the
average life (mean) for the blades of wheel 1 was 25.52 hours with
a standard detiation of 11.49 hours. Reference 2 (p. 125) gives an
empirioal relation whereby the mode may be rou@ly apwoximated.
It is eqressed by the equation

mode=mean- 3 (mean - mOai~)

Themsdiem is the life of the middle most blade of the 142 investi-
gated, that is, the life of the 71st or 72nd blade failed. The .

median was 25.53 hours. By substituticm tito the equation, the
mode for wheel 1 was found to be about 25.55 hours. The insigli-
fioanoe of the difference (O.03 hr) between the mean and the mode
indicates that the di~ibution is effectively a normal one.

The deviatian is great, whiuh indioates mnsidemble dti?ferenoes
in the perfomwame of the individual b~es. These difYermces
app~ently may result from dimensional differences among the blades
that oause a wide variation in stress. An exploration & the pos-
sible dimensimal differemes in the blades of this wheel yielded
no data that could be signlfioantly correlated to explain the large
range in blade life, which indicates that this effect was of
secondexy importame. Possibly the large deviaticm may be explained
by the presenoe of minute faults in the blade material - faults
too small to be resolved by the usual hspeotion methods. Althou@
a radio~phio inspection methwl is used for deteution of internal
flaws and a fluorescent-oilmethod for external oraoks, the size of
the flaws deteoted is limited by the resolving power of the inspec-
tion equipment. Considerable Improvement in blade performame
oould probably be made by reducing the dispersion of failure times
by the use of better tispeotion techniques and improved prooesslng.
The existenoe of blades with a life of 70 hours, as shown at the
upper end of the distribution curve, suggests this ltie as a goal
for the blades of wheel 1 that niaybe reached by preliminary

vement of the blades that fail early.elindnation and impro
●

Cca.upxrison of wheels 1 and 2. - Wheel 2 was inoluded to present
data for comparison with wheel 1. Obviously, if the blade -lives
of wheels 1 and 2 were to be oqed on the basis of time’for
initial failure, an Incorrect conclusion would result as to what
tlm avemge performance might be. The first blade failure of

.
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wheel 1 oucurred after 3.92 hours and the first of wheel 2 after
5.59 hours. E’ the wheels are oompared on this basis, the probable
life & wheel 2 is indioated as behg 43 peroent greater than that
of wheel 1. The error in this uonclusianmaybe seenby ocqmrlng
the materials by means of a oumulatlve-frequencycurve (fig. 6),
which Is a plot of total blades surviving against runn~ time.
The life of the average blade of wheel 2 is suggested as less than
that of wheel 1, oontrary to the analysis suggested by consideration
only of initial failures. Although the blades in wheel 2 had
heavier shrouds and ocmsequentlywere more highly stressed, the
time of tiltial failure of the wheel was greater than that of ‘
wheel 1, and the possible error resulting f%om the use of initial
failure is thereby emphasized.

Evaluation of methods. - The use of distribution curves to study
blade failures - be of great value. First, they dearly define
the perfomname of the average blade. If en unusually wide dis-
persion exists exoessive latitude in dimensional tolerances or
need of improvement in prduotion uontrol is i.ndioated. In addi-
tion, the deviation to the right suggests a goal, or the potenti-
ality of the material, that may be aohieved if oauses of early
failures oan be detemined and eliminated.

The operation of a wheel until all the blades have failed is
expensiw. H in any particular tivestigation a great many blades
are found to fraoture som after oraoking, thus oausing frequent
shutdowns for overhaul, or if uraoking is to be considered failure}
operating time probably may safely be reduced by replaoing the
oraoked blades when the unit is shut duwn for replacement of
fraotures blades. The unit should be stopped at regular intervals
and the wheel Inspected for the presepue of oraoked blades. The
approximate time of oraoking will then be detemined. The length
of time between shutdowns for inspections should be determined by
the soatter of failures. For a wheel showing a relatively wide
scatter of blade failures, suoh as wheel 1> a ~~ter the fite~l
between inspection shutdowns oould be chosen than for a wheel exhib-
iting a narrow range of soatter of failures, like wheel 2. H the
average life of the material is desired, every blade on the wheel
must be failed, as each me failed inmeases the average life of the
total failed.

The cost of obtaining the average life for material evaluatim
and correlationmay be reduoed by using a muoh smaller sample than
the 142 blades used h wheel 1. For e-pie, one wheel may have
blades of several materials. The number of materials that may be
tested on one wheel is dependent upon the size of the sample desired

———-—— ——— ——.—.—.
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for each nuxterial. TIM choice of sample size is dependent upon
how reliable an average is desired and the expected deviation of
the distribution. b order to obtain the same reliability of the
average, a smaller sample would be required of a material exhib-
iting a relatively narrow scatter, such as sug&etied by the cum-
ulative frequency-distributioncurve for wheel 2, than for a mterial
etibiting a wide scatter such as that of wheel 1. When using
several materials on one wheel, failure of each blade on the
wheel would still be neqssseq lmt failure of all the blades would
result in simultaneous data for several ~terials. The reliability
of’the avemge computed from the data for each eample can be esti-
mated by standard statistical procedures, which involves the use
of ‘Ittttables (reference 1, pp. 14-33, reference 2, 434-443, and
reference 3, 113-128). If more data are found necessary for a
particular mterial, another @ample nhy be run along with several
other materials on a new wheel.

~ some mterial is chosen a8 a standard and it is desired
merely to determine
the standard as far
sequential analysis
ing time.

whether some other materials are better than
as average life is concerned, methods of
nmy be applied with a further saving in operat-

CONCLUSIONS

A study of statisticalmethods and an analysis of the results
of bucket-failure invewbi~tion indicates that:

1. The time for first failure may not in general be taken as
an accurate indication of the performance of the average blade.

2. A need exists for representative performance-life values
as supplied by statitiiml mthods of analysis for use in corn- “
pmative evaluation and correlation, especially during research and
development, to avoid the errors that may result from consideration
of initial failures only or by the use of too few tests.

3. The use of better inspection techniques and improved proces-
sing may narrow wide distributions and increase life expectancies.
Research on methods of improving the life of the first blade to
fail is needed.

.

Flight Propulsion Research kboratory,
National Advisory Comnittee for Aeronautics,

Cleveland, Ohio, Muember 14, 1947.
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TABLE I- SulWRYol?BIADl%F’ FOR WES!EL1

Run Power plus Cumulative Blades replaced
condition total of
time power plus EYactured Cracked Total Cumulativ

(m) condition total
time

(m)

1 3.92 3.92 1 0 1 1
2 4.17 8.09 1 1 2 3
3 .X3 8.22 2 1 5 6
4 .18 8.40 1 1 2 8
5 2.63 11.03 1 1 2 19
6 .78 11.81 1 1 2 19
7 ● 70 12.51 2 0 2 21
8 3.84 16.35 8 2 10 31
9 .15 16.50 1 11 12 43
10 5.38 21.88 10 9 19 62
11 3.42 25.53 9 7 16 78
12 2.20 27.73 13 8 21 99
13 .54 28.27 3 1 4 103
14 .26 28.53 1 1 104
15 .77 29.30 1 1 105
16 .35 29.65 1 1 106
17 1.32 30.97 2 2 108
18 .15 31.12 4 4 112
19 1.25 32.37 2 2 114
20 .73 33.10 4 4’ 118
21 1.43 34.53 3 3 121
22 1.02 35.55 1 1 122
23 2.73 37.28 2 2 124
24 .45 37.73 1 1 125
25 1.78 39.53 1 1 126
26 1.53 41.05 3 3 129
27 .22 41.27 , 1 1 130
28 .15 41.42 1 1 131
29 1.90 43.32 1 1 1.32
30 .53 43.85 2. 2
31 1.37 45.22 2 2 136
32 .10 45.32 1 1 137
33 .55 45.87 1 1 L38
34 3.31 49.18 1 1 139
35 13.29 61.47 I 1 140
36 9.35 70.82 1’ 1 141
37 1.20 72.02 1 1 142

_.— — -.-––- -— ————. -.
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TABIE II -HMMRYQFBIAQE R!! mWH@lEL2

m Power plus Cumulative
condition total of Blades repl.aoed
time power plus

(hr) condition I!raottlredCraoked Total CUluulal
time

(hr)
total

1 5.59 5.59 1 0 1 1
2 .23 5.82 1 0 1 2
3 .11 5.93 1 1 2 4
4 ●10 6.03 1 0 1 5
5 .09 6.I.2 2 0 2 7
6 .I.2 6.24 1 0 1 8
7 .09 6.33 1 0 1 9
8 .07 6.40 2 0 2 11
9 .20 6.60 4 0 4 15

10 .ll 6.77 1 0 1 16
Xl .11. 6.77 1 0 1 17
12 ●I2 6.89 2 0 2 19
13 .22 7*U 1 4 5 24
14 .20 7.31 1 3 4 28
15 .12 7.43 1 0 1 29
16 .15 7.58 1 0 1 30
17 .10 7.68 1 1 2 32
18 ,05 7.73 1 1 33
19 .22 7.95 I.1 11 44
20 .07 8.03 1 1 45
21 .09 8.12 2 2 47
22 .10 8.28 1 1 48
23 .05 8.27 2 2 50
24 .10 8.37 . 1 1 51
25 .07 8.52 1 1 52
26 .06 8.58 1 1 53
27 ●14 8.72 2 2 55
28 .06 “8.78 1 1 56
29 ~ .10 8.88. 1 1 57
30 .05 8.93 1 1 58
31 .10 9.03 ‘ 2 2 60
32 .07 9.10 1 1 61
33 .10 9.20 1 1 62
34 .10 9.37 1 1 63
35 .05 9.42 1 1 64

—. ——. _ _- —— —.. .._—.
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(a) Schematic diagram, side view. ~

Figure 1. - Setup for turbine-blade-failure investigation. w
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( b) Photograph, front view.

F1gure 1. - Concluded. Setup for turbine- blade-fai lure investigation.
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F

(a) Long-necked turbine
blade, front view.

(c) Short-necked turbine
blade, front view.

.,,
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..... ERoot
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(b) Long-necked turbine

blade. side view.

z ,. 1
.,

1,$
(d) Short-necked ”turbine

blade, side view.

v
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4.25-47

gure 2. - Typical gas-turbine blades used in invest gation, shown as
received.
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f-
&i

(a) Turbine wheel showing cracked and fractured blades. ‘

Figure 3. - Damage to blades of wheel I after 281 hours of power and
condition time.

21
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Figure 3.
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(b)

----

Fragments of fractured blades.

- Concluded. Damage to blades of wheel I after 28! hours of

newer and condition time.~— . —
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